Rationale: Aggressive pituitary adenomas and pituitary carcinomas are rare and demand multiple treatment strategies. Temozolomide, an orally active alkylating chemotherapeutic agent, has recently been recommended as a salvage medication for refractory pituitary adenomas or carcinomas.
Introduction
Pituitary adenomas are the second most common tumors of central nervous system that occupy a proportion of 14% among intracranial neoplasm and the overall prevalence of pituitary adenomas is approximately 1/1500 persons. [1, 2] Pituitary tumors are usually benign and sensitive to conventional therapies, including surgery, radiotherapy, and medication such as dopamine agonists or somatostatin analogues. [3] Nevertheless, some pituitary tumors demonstrate aggressive behavior, characterized by accelerated growth, large size, high recurrence rate, and persistent growth despite repeated treatment attempts. [4] Pituitary carcinomas are characterized by invasion of adjacent structures and rapid proliferation and defined by the presence of craniospinal and/or systemic metastases and account no more than 0.1% to 0.2% of all pituitary tumors and average survival time is less than 4 years. [5, 6] These tumors bring clinical challenges for endocrinologists and neurosurgeons due to their locally invasive nature and rapid growth and are largely unresponsive to current combined treatment strategies.
Temozolomide is an alkylating agent first used to treat glioblastoma in cases resistant to standard therapy in 1992. [7] Later, the use of temozolomide became the first-line treatment against glioblastoma and expanded to astrocytomas, gliomas, advanced melanomas, and neuroendocrine tumors. [8, 9] At physiological pH, temozolomide rapidly converted into active 5-(3-methyl-triazeno)-imidazole-4-carboxamide responsible for DNA lesions by binding methyl groups at O6-guanine leading to DNA mismatch and cell apoptosis. [10] O(6)-methylguanine-DNA methyltransferase (MGMT), which removes methyl groups from O6-guanine, can counteract the effect of temozolomide leading to failure of treatment. [11] The first uses of temozolomide in pituitary tumors were reported in 2006. [12, 13] Since then, many cases or case series of treatment with temozolomide in aggressive pituitary adenomas or pituitary carcinomas have been reported, yet, there is not an accordant conclusion. Here, we present the case of a young man with aggressive prolactinoma that was resistant to conventional therapy treated with temozolomide. The literature regarding to the effectiveness of the usage of temozolomide in aggressive pituitary adenomas or carcinomas that resist to concurrent conventional therapy is also reviewed.
Presentation of the case
The authors report a 17-year-old male who was admitted to hospital with complaints of headache and progressive visual disturbance in October 2008. Ophthalmologic evaluation detected an impaired vision and vision field. Laboratory examination showed an evaluated prolactin (PRL) level (PRL >2000 ng/mL, reference value 4.6-21.4 ng/mL). Magnetic resonance imaging (MRI) revealed a pituitary macroadenoma with suprasellar extension and invasion of right carvernous sinus (Fig. 1A) . On the basis of the symptoms and clinical features, the diagnosis of prolactinoma was made and this patient was treated with gamma knife stereotactic radiosurgery in another hospital in November 2008. This patient experienced a recovery of eyesight and alleviation of headache after radiosurgery. Nevertheless, the PRL level remained high so bromocriptine was initiated.
Six months after radiotherapy, MRI revealed a residual tumor in sellar region (Fig. 1B) and then he referred to our hospital in June 2009 because of the persistent evaluated PRL level despite maximal doses of bromocriptine. Cabergoline was suggested (1 mg every week) as a result of bromocriptine resistance and PRL was suppressed to a normal level. Seven months after the initiation of cabergoline, MRI found an obvious shrinkage of remanent tumor and the decompressed of optic nerve (Fig. 1C) . However, after a 26-month period of remission, the patient developed headache and impaired vision again due to a regrowth of the tumor (Fig. 1D) , and then we increased cabergoline to a tolerable dosage (2 mg every week). Nevertheless, there was no obvious amelioration of the symptoms and the patient developed an enlarged temporal hemianopsia in his left eye.
Afterwards, the patient went through another MRI examination in July 2012 indicated an enlargement of tumor mass with invasion of right carvernous sinus that compressed the pituitary stalk and optic chiasma (Fig. 1E) . Therefore, the patient underwent his first operation (craniotomy) and the tumor was found to be relatively hard during surgery. Immunohistochemistry demonstrated immunopositive for PRL and immunonegative for thyroid-stimulating hormone (TSH), growth hormone (GH), adrenocorticotrophic hormone (ACTH), and follicle-stimulating hormone (FSH), which was consistent with the diagnosis of prolactin adenoma. The proliferative maker Ki-67 labeling index was 10∼20%. A followed gamma knife radiosurgery was given 5 months after surgery in January 2013 because of MRI indicated a residual tumor after operation (Fig. 1F) .
Prolactin level was on a persistent evaluated stage even when the patient was continuously taking dopamine agonist after gamma knife therapy and another MRI revealed the residual tumor expanded again (Fig. 1G) . Because of the lack of efficacy of dopamine agonist, surgery, and radiotherapy, the patient received the most frequently recommended regimen of temozolomide treatment (total 300 mg/day), administrated 5 days every 28 days for 22 months, after we reviewed the literature of similar cases that showed a positive response. The therapy is approved by the ethics committee of West China Hospital. This patient's clinical condition improved progressively and PRL concentration had fallen from 6491 to 773.4 ng/mL (reference value 4.6-21.4 ng/mL) in the end of the treatment (Fig. 2) . MRI also detected a remarkable reduction of tumor volume with cystic degeneration inside the mass (Fig. 1 h) . He only experienced mild nausea, fatigue, and no serious hematologic complications such as neutropenia and thrombocytopenia were noted. By the time we 
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Data collection
Carrying the purpose of temozolomide treatment in aggressive pituitary adenomas or pituitary carcinomas that refractory to conventional therapies, a literature research was carried out with PubMed database. We used the combination of key phrases: temozolomide, pituitary carcinoma, pituitary adenoma, pituitary tumor, aggressive, atypical, and no restrictions were imposed in an attempt to maximize the papers enrolled. This identified 129 relevant papers, and 87 papers were removed after evaluation of abstract. The full-texts of the rest of 42 articles were assessed for eligibility and subsequent examination of the references was undertaken to increase the sensibility. We included a case series that contained 3 or more patients. It should be aware that there are 12 patients in the study by Losa et al, [14] which have been reported before and we had insufficient detail to eliminate those duplicate cases from our review. We tabulated the extracted results of each case in the incorporated literature as far as possible in order to determine whether types of tumor, MGMT status, Ki-67 labeling index, and p53 protein were associated with outcome of temozolomide treatment. We categorized the outcomes into complete/partial response or stable/progression of disease when hypothesis testing was needed to establish an R Â C or fourfold table. In all tumors, a complete response was defined as a complete regression of tumor mass and a partial response was defined as a decrease of tumor volume ≥30% and progression of disease or stable disease meant radiological disease progressed or stabilized. [15] 
Statistical analyses
By using Chi-square test and Student t test, we investigated the potential factors that could related to the efficacy of temozolomide in SPSS statistical program (Version 18.0, SPSS Inc., Chicago, IL).
Results
We included 12 eligible case-series published from 2009 to 2016, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] giving a total of 113 temozolomide-treated patients (see Table 1 ). The majority of patients treated with temozolomide were man (59.4% male vs 40.6% female). On average, patients received 10.0 cycles of temozolomide treatment (range from 1 month to 29 months). All patients had evidence of aggressive behaviors despite multiple previous therapeutic measures and surgery remained the first choice for aggressive pituitary adenomas and pituitary carcinomas. All patients had been treated with surgery (craniotomy or transsphenoidal surgery) before the initiation of temozolomide treatment, 27.9% received 1 time of operation, 22.9% received 2 times of operation, 19.7% received 3 times of operation, and 29.5% received more than 3 times of operation. Radiotherapy was another choice for refractory pituitary tumors, 77% of patients treated with radiation before temozolomide treatment, and 21.3% received a least 2 cycles of radiation. Furthermore, a variety of chemotherapeutic agents, including dopamine agonists, somatostatin analogs, lomustine, ketoconazole, pegvisomant, bevacizumab, trinotecan, had been tried as a sequential therapy or alleviative treatment at different stages of disease. A great measure of cases (94%) used the routine temozolomide regimen (150-200 mg/m 2 for 5 days every 28 days), while Bush et al [23] took 75 mg/m 2 for 21 days followed by 7 days off therapy. We also noticed that 5 cases received radiotherapy and 6 cases received capecitabine at the same time. Table 1 Summary of collected studies.
First author
Year Country Number of patients Sex (M/F) Mean number of cycle, mo 1 Losa et al [14] 2016 Italy 31 (25PA,6PC) 18/13 N.A 2 Campderá et al [16] 2016 Spain 3 (3PA) 3/0 8.3 3 Bengtsson et al [15] 2015 Sweden 24 (16PA,8PC) 17/7 6.0 4
Bruno et al [17] 2015 Argentina 6 (5PA,1PC) 1/5 9.0 5 Ceccato et al [18] 2015 Italy 5 (5PA) 3/2 11.4 6 Zacharia et al [19] 2014
Hirohata et al [20] 2013 Japan 13 (3PA,10PC) 4/9 11.2 8 Whitelaw et al [21] 2012 UK 3 (3PA) 3/0 8.0 9
Raverot et al [25] 2010 France 8 (3PA,5PC) 6/2 8.9 10 Bush et al [23] 2010 US 7 (5PA,2PC) N.A 9.1 11 Losa et al [10] 2010 Italy 6 (5PA,1PC) 3/3 9.5 12 Hagen et al [22] 2009 Among all the cases comprised (see Table 2 ), ACTH-secreting tumors (41 cases, including functioning or silent corticotroph adenomas, carcinomas, and Nelson syndrome) were the most frequent ones treated with temozolomide, followed by prolatinomas (32 cases), nonfunctioning tumors (29 cases, including null cell or immunonegative adenomas, carcinomas), and other subtypes (10 cases and 1 case for GH-secreting tumors and TSHsecreting tumor, respectively). Response (complete or partial) rates differed from each other by tumor subtypes (P = .037, Chisquare test); adrenocorticotroph tumors and prolatinomas showed a higher response rate (61.0% and 56.3% respectively) than nonfunctioning tumors, which showed a radiological temozolomide response in 31.0% of cases. As you can see, we did not bring the response rates of GH-secreting tumors and thyroid-stimulating hormone-secreting tumor into a comparison as a result of it was less representative and lack of persuasiveness.
Due to the rareness of pituitary carcinomas, aggressive pituitary adenomas were more common in temozolomide-treated cases (see Table 3 ). Nevertheless, when we examined for a direct correlation between temozolomide efficacy and tumor types (aggressive pituitary adenomas and pituitary carcinomas), we found no relationship between groups (P = .901, Chi-square test).
Among those with available data regarding histology and biomarkers, we conducted an investigation to discuss whether temozolomide response was correlated with expression of MGMT, Ki-67 labeling index, and p53 protein (see Table 4 ). MGMT status was determined in 68 published cases treated with temozolomide in all contexts and MGMT immunopositivity was classified into positive and negative by the cutoff value at 10% of cells. [24] Overall, we found that there was a significant correlation between MGMT status and the effectiveness of temozolomide (P = .008, Chi-square test) and it made MGMT staining a strong predictor to the outcome of temozolomide treatment. We identified 61 cases that provided us with Ki-67 labeling index data (presented as a percentage) when excluded the ambiguous ones (no specific figures), and there was no significant correlation between Ki-67 labeling index and the effectiveness of temozolomide (P = .953, Student t test). As for p53 protein, 44 samples were pointed out after we thoroughly reviewed the literature, and it was considered immunopositive if p53 index≧10%. [15] Finally, we detected that there was no statistical significance between p53 and temozolomide efficacy (P = .820, Chi-square test).
Discussion
The treatment of aggressive pituitary adenomas and pituitary carcinomas frequently requires multiple approaches, including surgery, radiotherapy, and medical therapy to control tumor growth and normalize pituitary hormone hypersecretion, yet, some cases yielded disappointed results despite repeated attempts. [25, 26] Temozolomide is an alkylating agent, which is usually used as a standard chemotherapy for glioblastoma multiforme. [8] In recent years, several cases or cases series emerged about the use of temozolomide as a possible salvage treatment for refractory aggressive pituitary adenomas or pituitary carcinomas, since the first uses of temozolomide treatment in pituitary tumors in 2006. [12, 13] The standard therapeutic dose is the sequential delivery of 150 to 200 mg/m 2 of body surface/ day during 5 days every 28 days and most of the cases in the presented studies followed the administration method (including our case) except Bush et al [23] took 75 mg/m 2 for 21 days followed by 7 days off therapy. The common adverse effects of temozolomide include fatigue, dizziness, nausea, vomiting, headaches, constipation, and diarrhea. Most of them are transient and tolerable and seldom lead to treatment cessation, thus temozolomide can be used for a long term of treatment. Hematologic toxicities such as thrombocytopenia, leukocytopenia, and lymphocytopenia are also noticed in some cases and these unfrequent side effects usually lead to the cessation of temozolomide treatment or a reduction in the temozolomide dose or an increase in the interval between cycles. [17, 18, 22] ACTH = adrenocorticotrophic hormone-secreting, CR/PR = complete response/partial response, GH = growth hormone-secreting, NF = nonfunctioning, PD = progression of disease, PRL = prolactinsecreting, SD = stable disease, TSH = thyroid-stimulating hormone-secreting. * TMZ efficacy might differentiate by tumor subtypes (P = .037, Chi-square test). Table 3 Summary of temozolomide treatment outcomes for APA or PC. CR/PR = complete response/partial response, MGMT = O6-methylguanine-DNA methyltransferase, PD = progression of disease, SD = stable disease. * Strong correlation between MGMT status and the effectiveness of temozolomide (P = .008, Chi-square test). † No significant correlation between Ki-67 labeling index and the effectiveness of temozolomide (P = .953, Student t test). ‡ No significant correlation between p53 protein index and the effectiveness of temozolomide (P = .820, Chi-square test).
Chen et al. 
The case we presented had previously progressed despite tumor resection, repeated gamma knife therapy, and 2 types of dopamine agonist (bromocriptine and cabergoline) and this is accordant with the aggressive nature that we conclude from literature review (All patients had been treated with surgery and 77% of patients treated with radiation before temozolomide remedy). Temozolomide had induced tumor mass shrinkage and prolactin suppression after 22 cycles of treatment and sustained control of disease for a long period after therapy termination.
In our review, ACTH-secreting tumors are the most frequently presented tumor type, followed by prolactinoma, nonfunctioning tumors, GH-secreting tumors, and TSH-secreting tumor. This distribution of tumor type differs slightly from the literature recently published, [27] which found that nonfunctioning pituitary tumors are the less frequent one. We also noticed that GHsecreting tumors and TSH-secreting tumor are less represented, and the possible explanation is that they are unfrequent in epidemiology aspect and are less inclined to develop malignant behaviors than other tumor types.
According to World Health Organization, elevated mitotic index, Ki67 labeling index > 3%, and extensive p53 expression indicate the aggressive nature of pituitary tumor. [28] Mitotic index was no reported in the majority of cases and we have no adequate resource to extrapolate any conclusion about the relationship between mitosis and temozolomide efficacy. Some authors proposed that an elevated Ki-67 labeling index related to a higher rate of invasion [29] and others described it as a valuable bio-predictor for pituitary tumor recurrence. [30] Dudziak et al [31] suggested that Ki-67 labeling index exceeding 10% should always raise the suspicion of malignancy. Regarding to the relationship between elevated Ki-67 labeling index and the efficacy of temozolomide therapy, our study suggests that an increased Ki-67 immunopositivity of tumor cells is not responsible for resistance to temozolomide. The tumor suppressor protein p53 plays a broader role in the pathogenesis or progression of a wide range of cancers, and p53 is thought to be a transcription factor activated in response to several forms of cellular stress, including DNA damage, hypoxia, viral infection, heat shock, and mitogenic or oncogenic stresses. [32] Moreover, inactivation of the p53 pathway occurs in the majority of human cancers and usually causes resistance to therapy and poor survival. [33] Still, some authors put a high value of p53 expression and described that there was a significant correlation between the expression of p53 and aggressive pituitary tumor behavior. [34] It is reported that MGMT expression is downregulated by wild-type p53 and p53 immunohistochemical activity is associated with the effectiveness of temozolomide. [35] Nevertheless, we discover that there is no statistical significance between p53 and temozolomide efficacy.
MGMT overexpress in many types of human tumors [11] and assessment of MGMT status should be performed by immunohistochemistry, which evaluates the level of protein expression. [25] MGMT can counteract the effect of temozolomide by removing methyl groups from O6-guanine and low MGMT expression is considered a predictor of tumor response to temozolomide in glioblastomas. [36] Low expression of MGMT seems to better correlate with favorable therapeutic response than intermediate to high MGMT expression according to Raverot et al. [25] Generally, we suggest that there is a significant correlation between MGMT expression and the effectiveness of temozolomide in refractory pituitary tumors, and in an effort to anticipate likelihood of a temozolomide response, all cases are recommended to assess MGMT expression before starting alkylating agents therapy. MGMT status is a significative predictor to temozolomide efficacy, but it should be noted that MGMT might not be the sole molecular factor determining sensitivity to temozolomide.
According to Hegi et al, [37] MGMT expression was a result of promoter methylation of the gene and epigenetic inactivation of the gene for the DNA repair enzyme MGMT via promoter hypermethylation had been shown to predict therapeutic response to temozolomide in glioblastomas. However, other authors reported that there were no relationship between MGMT promoter methylation status and MGMT immunoexpression and MGMT promoter methylation was not clinically useful in predicting tumor response to temozolomide therapy. [23] It remains a matter of speculation whether MGMT promoter methylation status contributes to MGMT expression and eventually alters temozolomide responsiveness.
Inactivated mutations in the DNA mismatch repair gene MSH6 and loss of MSH6 expression are associated with temozolomide resistance in glioblastomas multiforme. [38] Hirohata et al [20] reported that lack of MSH6 immunopositivity had a significant correlation with resistance to temozolomide treatment and preserving MSH6 function was important for the effectiveness of temozolomide on malignant pituitary tumors. It is reported that other chemotherapeutic agents in combination with temozolomide are useful and effective. Zacharia et al [19] reported 4 cases treated with a novel chemotherapeutic regimen of capecitabine and temozolomide , originally designed in their laboratory, and achieved dramatic antineoplastic effects against corticotrophic pituitary tumors and 3 of 4 patients demonstrated tumor response. Bode et al [39] reported an ACTH-secreting pituitary carcinoma with widespread intracranial, spinal, and systemic metastases, which received pasireotide and temozolomide together. A sustained tumor control was achieved after 12 months of combination therapy and for more than 9 months on monotherapy with pasireotide. Vieira et al [40] described a case with silent somatotroph pituitary carcinoma that had been treated with temozolomide and zoledronic for 7 months and this led to stable disease of primary tumor as well as metastases.
Anti-angiogenic therapy is also described as an option in the treatment of aggressive pituitary tumors. Ortiz et al [41] provided us with a case evolved from aggressive silent corticotroph adenoma to carcinoma after temozolomide treatment and antivascular endothelial growth factor (anti-VEGF) therapy reached a long-term control of the tumor mass. We also noticed that there are 3 cases that received reduction in tumor size after first course of temozolomide therapy but failed in second course of treatment when disease progressed. [16] The clinical data are still limited about temozolomide efficacy to aggressive pituitary adenomas and pituitary carcinomas, and multicenter cooperation is demanded to provide us with more therapy strategies and establish clinical guidelines for these refractory tumors.
